The mammalian nuclear receptor superfamily of evolutionarily related DNA-binding transcription factors consists of approximately 50 members, many of which mediate gene expression in a ligand-dependent manner. From their functional similarities, nuclear receptors are divided into A-F regions that include the N-terminal A/B region, the highly conserved DNA-binding domain (DBD; C region), the C-terminal ligand-binding domain (LBD; E/F region), and the D region, which serves as a hinge between the C and the E/F regions. The A/B and the E/F regions contain ligand-independent activation function (AF-1) and ligand-dependent activation function (AF-2), respectively. 1-3) Nuclear receptors regulate gene expression through interactions with coregulator complexes along with the general transcriptional machinery. 4, 5) The coregulators associating with the C-terminal region that mediate AF-2 are well documented, whereas the proteins interacting with the N-terminal region that mediate AF-1 and the mechanism involved are not well defined.
Liver receptor homolog-1 (LRH-1; NR5A2), part of the nuclear receptor family, is a monomeric orphan receptor initially identified as mammalian homolog of Drosophila Fushi tarazu factor 1 (NR5A3). [7] [8] [9] [10] The closest mammalian homolog of LRH-1 is steroidogenic factor-1 (SF-1; NR5A1), which is essential for the development and differentiation of steroidgenic tissues and sexual differentiation. 11, 12) LRH-1 is highly expressed in the liver and intestine involved in enterohepatic circulation, and the ovary. 7, 9, 13, 14) LRH-1 is also expressed in the pancreas, placenta, and pre-adipocyte. 7, 15, 16) To date, four isoforms of LRH-1, referred to as LRH-1 v1 (NM_205860), 10) LRH-1 (NM_003822), 9, 10) fetoprotein transcription factor (FTF; U93553), 17) and LRH-1 v2 (35-323 aa, AF049102), 17) have been reported. The most abundant isoform in liver is LRH-1 (NM_003822) which lacks 46 amino acid residues corresponding to exon 2.
9) LRH-1 v2 is a truncated version of LRH-1 with a deletion in the D region that corresponds to exon5, and does not possess transactivation activity. 7) FTF, the N-terminally truncated isoform, is identical to LRH-1 except for a deletion in the A/B region of LRH-1 v1.
LRH-1 plays an important role in the homeostasis of bile acids and cholesterol, controlling the expression of a number of genes, including small heterodimer partner (SHP; NR0B2) 18, 19) and enzymes for the conversion of cholesterol to bile acids (CYP7A1 and CYP8B1) 10, 20) and for high density lipoprotein-remodeling. 21) In addition, LRH-1 contributes to development and ovulation. 14, 22, 23) Unlike most nuclear receptors, LRH-1 binds to the LRH-1 response element (LRHRE) (5Ј-YCAAGGYCR-3Ј, Y; pyrimidine, R; purine), three base-pairs longer than the consensus nuclear receptor half-site, as a monomer. 7) Nuclear receptors typically regulate transcription in a ligand-dependent fashion. The binding of a ligand causes the repositioning of helix 12 within the LBD resulting in interaction with the coactivators. [1] [2] [3] However, the mechanisms of transcriptional activation mediated by nuclear receptor subfamily 5A (NR5A), which includes LRH-1 and SF-1, are not clear. LRH-1 and SF-1 are constitutively active, but it is not known whether their activation is ligand-dependent or not. Sablin et al. demonstrated that mouse LRH-1 possessed an empty ligand-binding pocket and formed an active conformation, with helix 12 repositioned, in the absence of a ligand or coactivator peptide, suggesting that LRH-1 is a ligand-in-dependent and constitutively active transcription factor. 24, 25) On the contrary, several groups showed that phospholipids including phosphatidyl inositols occupied the ligand-binding pocket of human LRH-1 and SF-1 and mouse SF-1. [26] [27] [28] However, roles of phospholipids in the activation of NR5A family members in physiological conditions remain to be elucidated.
Recent studies showed that the transactivation activity of LRH-1 is controlled by posttranslational modifications, such as sumoylation and phosphorylation, [29] [30] [31] and binding with nuclear receptor heterodimer partner NR0B family members 32, 33) or transcriptional coregulators. [34] [35] [36] Safi et al. showed that glucocorticoid receptor-interaction protein 1 (GRIP1) and peroxisome proliferator-activated receptor g coactivator-1a (PGC-1a) interacted with LRH-1 and enhanced its transactivation activity. They proposed that these coacitivators serve as "protein ligands" of LRH-1. 35) Interested in the molecular mechanisms responsible for AF-1, we have attempted to identify cofactors that interact with nuclear receptors. We previously isolated proteins interacting with the A-C region of farnesoid X receptor (FXR; NR1H4), which is activated by bile acids and regulates genes involved in the metabolism of bile acids. We also demonstrated that DNA-dependent protein kinase catalytic subunit (DNA-PKcs), Ku80, and Ku70 associated with FXR, and the Ku proteins (Ku80 and Ku70) functioned as corepressors for FXR. 37) We have attempted independently to search for cofactors that regulate the transactivation activity of LRH-1. Interestingly, we isolated Ku proteins as LRH-1-associating proteins and demonstrated that they decreased the SHP promoter activity mediated by LRH-1. Furthermore, Ku proteins also repressed the SHP promoter activity enhanced by PGC1a. These results indicate that Ku proteins function as corepressors for LRH-1.
MATERIALS AND METHODS
Antibodies Anti-Ku80 (Ab-2, clone 111) and anti-Ku70 (Ab-4, clone N3H10) antibodies were purchased from Lab Vision/Neomarkers (Fremont, CA, U.S.A.). Anti-epitope tag c-myc monoclonal antibody (clone 9E10) was obtained from Roche (Indianapolis, IN, U.S.A.)
Plasmids Plasmids expressing glutathione S-transferase (GST) fused to LRH-1 (NM_003822) A-F (1-495) (numbers in parentheses are the residue positions), 41 -541aa of LRH-1 v1 (FTF, U93553) A-C (1-111), estrogen receptor a (ERa; NR3A1) (NM_000125) A-C (1-248), ERb; NR3A2 (NM_001437) A-C (1-222), thyroid hormone receptor a (TRa; NR1A1) (NM_199334) A-C (1-120), peroxisome proliferator-activated receptor g 1 (PPARg 1 ; NR1C3) (NM_005037) A-C (1-175), Rev-erb a; NR1D1 (NM_021724) A-C (1-201), and retinoid-related orphan receptor a (ROR a; NR1F1) (NM_134261) A-C (1-145) were generated by the subcloning of polymerase chain reaction (PCR)-amplified fragments from cDNA prepared from HepG2 or HeLa cells into the appropriate points of the multicloning site of the pGEX-4T-1 vector (Amersham Biosciences, Piscataway, NJ, U.S.A.). The c-myc epitope-tagged LRH-1 construct was produced by insertion of a full-length LRH-1 into pCMV-Myc (Clontech/Takara Bio, Otsu, Japan). The luciferase reporter plasmid was constructed by inserting the PCR-amplified fragment corresponding to the SHP promoter (Ϫ572 to ϩ10, AF044315) from human genomic DNA prepared from HeLa cells into the pGL4.17 luciferase reporter plasmid (Promega, Madison, WI, U.S.A.). Fragments amplified by PCR in these expression plasmids and the reporter plasmid were sequenced prior to use to verify DNA sequence fidelity. The expression plasmids for GST-tagged FXR A-C, FLAG-tagged Ku80, and FLAG-tagged Ku70 were described previously. 37) The expression plasmid of FLAG-tagged mPGC-1a was a gift from Dr. Kamei.
Cell Culture HeLa cells were maintained in Eagle's minimal essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) (JRH Biosciences, Lenexa, KS, U.S.A.). HEK293 cells were grown in MEM supplemented with 10% FBS and 1% non-essential amino acids (NEAA) (GIBCO, Carlsbad, CA, U.S.A.). X-ray-sensitive mutants of the Chinese hamster ovary (CHO) cell line, xrs5 (American Type Culture Collection, CRL-2348), which is deficient in Ku80, were maintained in aMEM supplemented with 10% FBS.
Nuclear Extracts of HeLa Cells Subconfluent cells cultured in 15-cm dishes were washed three times with PBS, harvested, and centrifuged. The cell pellet (ϭ1 volume) was suspended in 8 volumes of lysis buffer containing 20 mM N-(2-hydroxyethyl)piperazine-NЈ-2-ethanesulfonic acid (Hepes)-KOH (pH 7.9), 1 mM ethylenediaminetetraacetic acid (EDTA), 0.5 mM spermidine, 1 mM dithiothreitol (DTT), 10% glycerol, 0.3% NP-40, and a protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan), and the mixture was incubated for 5 min on ice. Cell lysate was centrifuged for 10 min at 20000ϫg, and the pellet was resuspended in an equal volume of lysis buffer, added to an equal volume of 2 M KCl (final concentration, 1 M), and incubated for 30 min on ice. The resuspended pellet was centrifuged for 30 min at 418600ϫg and the supernatant was dialyzed with 0.1 M HM buffer containing 25 mM Hepes-KOH (pH 7.9), 0.1 M KCl, 12.5 mM MgCl 2 , 20% glycerol, and 1 mM DTT. The dialysate was centrifuged for 10 min at 17400ϫg and the supernatant was flash frozen and stored at Ϫ80°C as nuclear extracts.
GST Pull-Down Assays and Identification of Ku80 and Ku70
The GST pull-down assay for mass spectrometry was performed as described previously. 37) Briefly, 100 mg of GST or GST-FTF A-C was incubated with 1 mg of nuclear extracts from HeLa cells. The bound proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subjected to negative staining using Negative Gel Stain MS Kit (Wako, Osaka, 293-57701) according to the manufacturer's instructions. Briefly, the gels are subjected to imidazole-zinc reverse staining. While the white-stained background is generated, the reverse-stained bands are obtained. 38) For mass spectrometry, bands of interest were isolated and subjected to trypsin digestion, desalting, and matrix-assisted laser desorption/ionization time-offlight (MALDI-TOF) mass spectrometry. Protein identification was facilitated by MASCOT. For other GST pull-down assays, 20 or 50 mg of GST fusion protein was incubated with 250 mg of nuclear extracts from HeLa cells. The bound proteins were separated by SDS-PAGE and subjected to Western blotting using antibodies against Ku80 and Ku70.
Immunoprecipitation Assay HEK293 cells were plated in 100-mm dishes and transfected with a c-myc epitopetagged LRH-1 expression plasmid using HilyMax (Dojin, Tokyo, Japan) following the manufacturer's instructions. The cells were collected, suspended with ice-cold TNE buffer (150 mM NaCl, 10 mM Tris-HCl [pH 7.8], 1 mM EDTA, and 0.5% NP-40) containing a protease inhibitor cocktail (Nacalai Tesque), sonicated using a Handy Sonic UR-20P (TOMY), and centrifuged for 10 min at 17400ϫg. The soluble fraction was incubated with immunoglobulin G (IgG) antibody against the c-myc epitope tag (Roche) or normal mouse IgG as a control (Santa Cruz Biotechnology, sc-2025) overnight and subjected to precipitation with Protein A Sepharose beads. The beads were washed three times with TNE buffer and bound proteins were separated by SDS-PAGE and subjected to Western blotting.
Reporter Luciferase Assays HEK293 or xrs5 cells were plated in 24-well plates (2.0ϫ10 4 and 1.5ϫ10 4 cells/well, respectively) and cultured for 16-20 h. The cells were transfected with 20 ng of reporter plasmid, 1 ng of the LRH-1 expression plasmid (pCMV-Myc-LRH-1), varying amounts of the Ku80 and Ku70 expression plasmids (pFLAG-CMV2-Ku80, pFLAG-CMV2-Ku70), and 5 ng of mPGC-1a expression plasmid using HilyMax (Dojin). In each case, total amounts of DNA were equalized by adding 1 ng of pCMVMyc and varying amounts of pFLAG-CMV2 to 221 ng/well for Fig. 5 or 226 ng/well for Fig. 6 . After 48 h of incubation, the cells were washed with PBS and lysed by adding 70 ml of lysis buffer containing 25 mM Tris-H 3 PO 4 (pH 7.8), 2 mM 1,2-cyclohexanediaminetetraacetic acid monohydrate (CDTA), 1% Triton X-100, 10% glycerol, 2 mM DTT, 110 mM NaCl, 2 mM KCl, 6 mM Na 2 HPO 4 and 1 mM KH 2 PO 4 , and centrifuged for 10 min at 17400ϫg. The cell lysate was subjected to a luciferase assay and protein concentrations were determined by the Bradford method. Luciferase activity was measured with a Lumat LB 9507 (BERTHOLD, Bad Wildbad, Germany) and normalized to the amount of protein.
Relative luciferase activity was calculated from the mean value relative to the activity of the reporter plasmid alone. Data shown represent means of triplicate transfectionsϮstan-dard deviation. Each transfection was done at least twice with similar results. All data were evaluated with Student's t test.
RESULTS

Identification of Ku Proteins as Proteins Binding with the A-C Region of FTF, One of the LRH-1 Isoforms
To isolate proteins interacting with the A-C region of LRH-1, we performed a pull-down assay using GST fused to the A-C region of FTF, one of the LRH-1 isoforms (Fig. 1A) . Nuclear extracts prepared from HeLa cells were incubated with GSH-Sepharose, GST-bound GSH-Sepharose, or GST-FTF A-C-bound GSH-Sepharose. GST-bound GSHSepharose and GST-FTF A-C-bound GSH-Sepharose without nuclear extracts were also subjected to SDS-PAGE. The resultant eluates were subjected to SDS-PAGE followed by silver staining. For mass spectrometry, proteins were visualized by negative staining, and their identities were determined by peptide mass fingerprinting. As shown in Fig. 1A , several bands derived from peptides non-specifically bound to GSH-Sepharose and GST protein were obtained in controls (lanes 1, 2, 4, and 5). The same polypeptides were also detected in lane 3. However, multiple proteins, which specifically bound to GST-FTF A-C in the nuclear extracts, ranging from 50 to 400 kDa in size were obtained in lane 3 of Fig. 1A . Among them two predominant bands (approximately 80 kDa and 70 kDa, respectively) were isolated and subjected to peptide mass fingerprinting. As shown in Table  1 , the 12 and 15 peptide sequences derived from p80 and p70 matched the corresponding portions of Ku80 and Ku70, respectively, strongly indicating that they were Ku80 and Ku70. The same samples used in lanes 2 and 3 of Fig. 1A were subjected to SDS-PAGE followed by Western blotting using specific antibodies against Ku80 and Ku70. Since the data showed that Ku80 and Ku70 specifically interact with the A-C region of FTF (Fig. 1B) , we have concluded that p80 and p70 are Ku80 and Ku70, respectively.
Ku Proteins Interact with Several Nuclear Receptors In our previous independent study, Ku proteins were isolated as proteins interacting with FXR. 37) Herein we also found that Ku proteins interacted with FTF. Therefore, we next investigated the association of Ku proteins with other nuclear receptors by using the GST pull-down assay. The nuclear receptors tested included FXR (previously shown in ref. 37 ), TRa, PPARg 1 , ERa and ERb, Rev-erba, and RORa. Among these receptors, FXR, TRa, and PPARg 1 bind to a specific DNA response element as a heterodimeric complex with retinoid X receptor (RXR). ERa and ERb bind to DNA as homodimers, and Rev-erba and RORa recognize their The same samples used in lanes 2 and 3 of (A) were subjected to SDS-PAGE and Western blotting using specific antibodies against Ku80 and Ku70.
binding site as a monomer, as well as LRH-1. Using GST or GST fused to the A-C region of these nuclear receptors and HeLa nuclear extracts, a pull-down experiment was performed. Equimolar amounts of GST-fused proteins were used for this experiment as shown in the lower panel of Fig. 2A . Bound proteins interacting with these nuclear receptors were probed with the anti-Ku80 and anti-Ku70 antibodies. As shown in the upper two panels of Fig. 2A , Ku80 and Ku70 interacted with all the receptors except for ERa. The affinity for Ku proteins appears to be different among nuclear receptors. RORa interacted with Ku proteins strongly, whereas PPARg 1 did so weakly. These findings indicate that Ku proteins interacted with not only LRH-1 but also many other kinds of nuclear receptors.
We next examined whether Ku proteins interact with other isoforms of LRH-1. As shown in Fig. 2B (upper panel) , LRH-1 is generated by alternative splicing of LRH-1 v1 exon 2. FTF is identical to LRH-1 v1 except for 1-40 aa. To test whether Ku proteins interact with not only FTF but also other isoforms, we performed a GST pull-down assay using the A-C regions of three LRH-1 isoforms (LRH-1 v1, LRH-1, and FTF) and nuclear extracts from HeLa cells. As shown in Fig. 2B (lower panel) , Ku proteins also associate with the A-C regions of LRH-1 and LRH-1 v1. Since it has been reported that LRH-1 is the most abundant isoform in the human hepatoma cell line HepG2 and human adult and fetal liver, we used LRH-1 for further studies.
Identification of the Region in LRH-1 Required for the Interaction with Ku Proteins
To provide evidence that Ku proteins interact with the full-length LRH-1, we performed a pull-down assay using GST fused to a full-length LRH-1 (GST-LRH-1 A-F) and nuclear extracts from HeLa cells. Furthermore, to identify the interactive regions of LRH-1 responsible for the interaction with Ku proteins, we also conducted a GST pull-down assay using GST-fused proteins containing various regions of LRH-1 (Fig. 3) . Almost equimolar amounts of the fusion proteins were used for this experiment after checking by Coomassie Brilliant Blue staining as shown in the lower panel in Fig. 3 . As indicated in Fig.  3 , both Ku80 and Ku70 were found to interact with the fulllength LRH-1. Furthermore, Ku proteins were detected in the A-C and the C region but not the A/B region, indicating that Ku proteins interacted with the A-C region of LRH-1 through the C region. We next examined whether Ku proteins associate with the D-F region of LRH-1. To do this, GST fused to the D-F, 
. Ku Proteins Interacted with Several Nuclear Receptors
The GST proteins fused to the A-C regions of (A) indicated nuclear receptors or (B) three isoforms of LRH-1 were incubated with nuclear extracts from HeLa cells. GSH-Sepharose-bound proteins were separated by SDS-PAGE and detected by Western blot analyses. Ku80 and Ku70 were detected by specific antibodies (upper two panels). GST was used as a negative control. Coomassie Brilliant Blue staining showed that equimolar amounts of GST proteins were used for the pull-down assay (lower panel). GST or GST-fused protein is indicated by an arrowhead. At the top of (B), schematic diagrams of three isoforms of LRH-1 are shown. the D, and the E/F region of LRH-1 was subjected to a pulldown assay. As shown in Fig. 3 , Ku proteins interacted with the D region of LRH-1. Ku proteins interacted with the D-F region less than the D region, although why is not clear. Taken together, these results indicated that Ku proteins associated with LRH-1 through the C region and also the D region.
Interaction between LRH-1 and Ku Proteins in HEK293 Cells
To further verify the association of LRH-1 with Ku proteins, we performed an immunoprecipitation experiment. HEK293 cells were transfected with c-myc epitope-tagged LRH-1 expression plasmid, subsequently lysed, and immunoprecipitated with anti-c-myc epitope tag antibodies. Immunoprecipitates were separated by SDS-PAGE and subjected to immunoblotting with anti-Ku80 and antiKu70 antibodies. Normal IgG was used as a negative control. Probing with Ku80 and Ku70 antibodies clarified that endogenous Ku proteins were present in the immunoprecipitates (Fig. 4) . Thus, the immunoprecipitation assay revealed that 788 Vol. 33, No. 5
Fig. 3. Characterization of the Interacting Region of LRH-1 Responsible for Associating with Ku Proteins
A schematic diagram of the regions of LRH-1 is shown at the top of the figure. Various regions of LRH-1 fused to GST were incubated with nuclear extracts from HeLa cells. GSH-Sepharose-bound proteins were determined by Western blot analyses using antibodies against Ku80 and Ku70 (upper two panels). GST was used as a negative control. Coomassie Brilliant Blue staining showed that equimolar amounts of GST proteins were used for the pull-down assay (lower panel). GST or GST-fused protein is indicated by an arrowhead.
Fig. 4. Association of Ku Proteins with LRH-1 in HEK293 Cells
Lysates from HEK293 cells tranfected with c-myc epitope-tagged LRH-1 were precipitated with IgG antibody against the c-myc epitope tag or normal mouse IgG as a control. Immunoprecipitates were separated by SDS-PAGE followed by Western blotting using specific antibodies against Ku80 and Ku70. 1% equivalent volume of lysates without immunoprecipitation was loaded as an input. Ku proteins associated with LRH-1 in HEK293 cells.
Repression of LRH-1-Mediated SHP Promoter Activity by Ku Proteins
To determine the influence of Ku proteins on LRH-1-mediated promoter activity, we next performed luciferase reporter assays. LRH-1, Ku80, and Ku70 expression plasmids together with the reporter plasmid containing an approximately 0.6-kilobase pair SHP promoter were transfected into HEK 293 cells (Fig. 5A ) or xrs5 cells which are mutant CHO cells lacking Ku80 (Fig. 5B) . The promoter region used in this experiment has been utilized by Goodwin et al. and Lu et al. 19, 33) After transfection, the cells were lysed and the luciferase activity was measured. In the luciferase reporter assays, using Photinus pyralis luciferase gene, values were usually normalized to the Renilla reniformis luciferase activity or the b-galactosidase activity. Although we tested three control b-galactosidase constructs driven by a promoter of RSV, CMV, and SV40, overexpression of Ku proteins unfortunately reduced the promoter-driven b-galactosidase activity (data not shown). Therefore, the transfection was carefully done, and it was confirmed that the transfection efficiency was constant, and the luciferase values were normalized to the amount of protein. Relative luciferase activity was calculated by taking the normalized luciferase activity of the reporter plasmid alone as 1.0. As shown in Fig. 5A , the transient expression of LRH-1 induced an 8-fold or greater increase in the SHP promoter activity. Coexpression of LRH-1 with Ku80 (left panel) repressed the SHP promoter activity mediated by LRH-1 in a dose dependent manner. Although Ku70 up-regulated the SHP promoter activity using 50 ng of the Ku70 expression plasmid, Ku70 repressed the SHP promoter activity using higher amount of Ku70 expression plasmid (right panel).
We next performed a reporter assay using Ku80-deficient xrs5 cells to examine the influence of Ku80 on LRH-1-mediated SHP promoter activity (Fig. 5B) . The luciferase reporter plasmid containing the SHP promoter and expression plasmids for Ku80 and LRH-1 were transiently transfected into xrs5 cells (left panel). The SHP promoter activity increased approximately 8-fold when LRH-1 was introduced. This activity was dose-dependently repressed by adding Ku80. Since it has been reported that Ku70 expression is dependent on Ku80 expression in xrs5 cells, 39, 40) we next introduced Ku70 into xrs5 cells and examined the effect of Ku70 on the SHP promoter activity (right panel). Ku70 as well as Ku80 depressed the SHP promoter-driven luciferase activity. When Ku80 and Ku70 were cotransfected into xrs5 cells, no synergic influence on the SHP promoter activity was observed. Taken together, both Ku80 and Ku70 probably repress the SHP promoter activity mediated by LRH-1.
Suppression of the Coactivating Effect of PGC-1a a on the SHP Promoter Activity by Ku Proteins Safi et al. showed that PGC-1a was a strong coactivator of LRH-1. 35) They showed that PGC-1a bound to LRH-1 and coactivated the transcriptional activity of aromatase, one of LRH-1's targets, which is the enzyme that converts androgen to estrogen. Therefore we investigated the effect of Ku proteins on the PGC-1a-augmented SHP promoter activity. We introduced the luciferase reporter plasmid including the SHP promoter with expression plasmids for LRH-1, PGC-1a, Ku80, and Ku70 into HEK293 cells. The relative luciferase activity was calculated from the mean value relative to the activity of the reporter plasmid alone. As shown in Fig. 6 , PGC-1a increased the SHP promoter activity mediated by LRH-1. Furthermore, both Ku80 and Ku70 repressed the enhanced promoter activity by PGC-1a.
DISCUSSION
We previously demonstrated that Ku proteins bound to FXR and repressed the expression of BSEP, one of FXR's targets. 37) FXR is a member of the nuclear receptor family that governs bile acid and cholesterol homeostasis. 41, 42) Together with FXR, liver X receptor, pregnane X receptor, LRH-1, and SHP regulate the metabolism of bile acid and cholesterol, 43, 44) and above all, we focused on LRH-1. Here, we showed that Ku proteins interacted with LRH-1 in addition to FXR. More importantly, Ku proteins negatively regulated the SHP promoter activity mediated by LRH-1 and PGC-1a.
Unlike the majority of nuclear receptors, which are regulated by steroid, retinoid, and other nonpolar ligands, the NR5A subfamily including LRH-1 are constitutively active. 24, 25) The transactivation activity of LRH-1 seems to be modulated by post-translational modifications, [29] [30] [31] the binding of SHP, 32, 33) or the binding of coregulators. [29] [30] [31] Herein we isolated Ku proteins as corepressors of LRH-1. Relatively few inhibitory factors, except for SHP, have been reported to date. Qin et al. showed that Prospero-related homeobox transcription factor 1 interacted with the DBD and LBD of LRH-1 and suppressed Cyp7A1 promoter activity. 34) Kanayama et al. demonstrated that sterol regulatory element-binding protein-2 (SREBP-2) bound to the DBD of LRH-1 leading to suppression of the coactivating effect of PGC-1a. 36) Ku proteins associated with the DBD in addition to the hinge region (Fig. 3) . Like SERBP-2, Ku proteins also decreased the SHP promoter activity increased by PGC-1a (Fig. 6) . A recent paper reported that DNA-PK, composed of DNA-PK catalytic subunit and Ku proteins, interacted with an unliganded heterodimer of TRa and RXR, and formed a complex with nuclear receptor corepressor/silencing mediator of retinoid and thyroid hormone receptor complex including histone deacetylase 3 (HDAC3). DNA-PK repressed the TR-driven promoter activity by phosphorylating HDAC3 accompanied by enhancement of histone deacetylase activity. 45) As is the case for TRa, Ku proteins associated with LRH-1 may form a complex with corepressors including HDAC and thereby suppress the LRH-1-mediated gene expression.
We also demonstrated that Ku proteins interacted with the A-C regions in the various nuclear receptors in addition to LRH-1 (Fig. 2) . Regardless of the type of DNA recognized (homodimer, heterodimer or monomer), all of the nuclear receptors examined here except ERa associated with Ku proteins. The DBD is the most conserved region among nuclear receptors. The amino acid sequence similarities in DBD of ERa with LRH-1 and ERb are 50% and 95%, respectively. Nevertheless, Ku proteins interacted with LRH-1 and ERb but not ERa. It might be important to determine the interactive regions of nuclear receptors responsible for the interaction with Ku proteins. Mayeur et al. reported that Ku proteins associated with LBD of androgen receptor (AR) but not DBD. 46) Whereas the C region but not A/B region of LRH-1 associated with Ku proteins, each of the A/B and the C regions of TRa bound to Ku proteins (unpublished data). Therefore, it seems that the nuclear receptors have a variety of binding specificities. Further studies are required to dissolve the association specificities and mechanisms between Ku proteins and nuclear receptors. Our results suggest that Ku proteins may affect the function of a number of nuclear receptors including LRH-1 and FXR.
One possible implication for repression of the SHP promoter activity is that Ku proteins play a role in the metabolism of bile acids and cholesterol. Studies of the SHP promoter demonstrated that a number of transcription factors regulate the expression of SHP. For instance, SREBP, belonging to the basic helix-loop-helix (bHLH) leucine zipper family of transcription factors, and nuclear receptors including LRH-1, SF-1, FXR, LXR, and hepatocyte nuclear factor-4a have been reported. 47) All of them are involved in cholesterol and lipid homeostasis. Previously and here we indicated that Ku proteins suppress FXR-mediated BSEP expression and LRH-1-mediated SHP promoter activity. Considering these findings, Ku proteins may influence the metabolism of bile acids and cholesterol regulated by various nuclear receptors. In summary, we propose Ku proteins to be important regulators of nuclear receptors including LRH-1.
